ABSTRACT This paper proposes a heterogeneous network topology, where the backhaul links are supported by massive multiple-input multiple-output systems with full-duplex (FD) modes. Communication is achieved in two phases. In the first phase, we equip macro cell (MC) base station (BS) with massive receive antennas and few transmit antennas and all small cell (SC) BSs with massive receive antennas and a single transmit antenna. In the second phase, a circulator switches the massive receive antennas into transmit antennas and transmit antennas into receive antennas. Under the assumption of imperfect channel state information and large antenna regime, closed-form expressions have been derived for the uplink/downlink achievable sum-rate. From the results, we check that the strength of self-interference (SI) and SC-to-SC interference which occur due to FD operation depends largely on the number of SCs. By increasing the number of SCs, achievable sum-rates also increase but require more antennas to overcome the deleterious effects of the SI and SC-to-SC interference. Based on our analytical results, a hybrid FD/half-duplex system is proposed according to the interferences and the number of antennas. Furthermore, using our system model, it is shown that the transmit power of the MC BS and the SC BSs can be scaled down proportionally to the massive number of receive antennas (first phase) and the massive number of transmit antennas (second phase) and still achieve a required rate.
I. INTRODUCTION
To meet the ever increasing demand for wireless data, several advanced communication technologies are under development. Some of these emerging technologies are massive multiple-input multiple-output (MIMO), full-duplex (FD) communication and heterogeneous networks (HetNets). Massive MIMO involves deploying base stations (BSs) equipped with a few hundred antenna arrays such that the number of antennas is much higher than the number of user terminals (UTs) [1] , [2] . The large number of antenna arrays enables the emitted energy to be precisely focused on the intended UT leading to considerable improvement in the energy efficiency (EE). Again, the deployment of massive MIMO possesses the potential to significantly decrease noise effects, eliminate fast fading and interference while increasing spectral efficiency (SE) [2] - [5] . The implementation of massive MIMO is constrained by the number of orthogonal pilot sequences needed for channel estimation which is limited by the coherence length and coherence bandwidth [6] . Thus most massive MIMO systems assume the time division duplex (TDD) protocol where the downlink (DL) channel can be estimated from the uplink (UL) pilot training (the minimum number of pilots needed for UL training is equal to the number of UTs) [7] , [8] . This is contrary to the frequency division duplex (FDD) systems where the pilot sequence is proportional to the number of transmit antennas [9] , [10] . Thus the pilot overhead in FDD systems is prohibitive considering that massive number of transmit antennas is utilized. This notwithstanding, the performance of massive MIMO systems assuming TDD protocol is still constrained by the so-called pilot contamination effect which occurs due to the pilot sequence reuse in multi-cell scenarios [6] .
In-band FD communication is another technology which has attracted tremendous attention in the research community. In an FD system, BS transceivers simultaneously transmit and receive on the same frequency band and as a result can theoretically double the achievable rate in comparison with half-duplex (HD) communication systems [11] , [12] . To realize FD communication at the BS, two different antenna configurations can be implemented, i.e., shared and separated antenna configurations [13] . With the shared antenna configuration, a single antenna simultaneously receives and transmits signals through a three-port circulator whereas the separated antenna configuration uses separate antennas for signal reception and transmission. However, the potential for FD to double the achievable rate comes at the cost of self-interference (SI) which occurs due to transmit output signal leaking to the receiver input. Several spatial-domain and time-domain techniques have been proposed in the literature to cancel SI [14] - [18] . It is shown experimentally in [17] and [18] that omnidirectional and directional antennas can be used to suppress SI. Multiple antenna techniques such as zero-forcing beamforming, minimum mean square error (MMSE) filter and null-space projection techniques are proposed in [11] , [14] , and [15] to eliminate SI. For a detailed discussion on this topic, we refer interested readers to [19] and references therein. Despite the negative impacts of SI, recent advances have shown that FD is feasible [19] .
With the attractive benefits of massive MIMO and FD, it is only natural to leverage the advantages of both technologies. Ngo et al. [8] consider massive MIMO with FD in a singlecell multi-pair decode-and-forward relay scenario and show that as the number of antennas tends to infinity, SI asymptotically vanishes without the need to employ sophisticated SI cancellation techniques. In [20] , UL rate is analyzed in a multi-cell setup, where it is again shown that SI is asymptotically eliminated with increasing number of antennas. Both [8] and [20] assume that BSs are equipped with massive receive and transmit antennas serving single-antenna HD UTs.
Traditionally, cellular networks are efficient in providing coverage but their EE and SE performances diminish rapidly as the number of UTs increases. To solve this problem, HetNets have been extensively studied in the literature [21] - [23] . HetNet is a multi-cell topology where a high powered macro cell (MC) is densified by overlaying it with a number of low powered small cells (SCs). HetNets take advantage of the fact that most communications occur locally and services are requested by lowmobility to stationary UTs [24] . By implementing HetNets, the distances between UTs and BSs are decreased which results in lower path losses, reduction in battery consumption, increased EE and SE [24] , [25] . HetNets largely depend on high-speed backhaul links for control and coordination between MC BS and SC BSs as well as the data transmissions of SC BSs. Fiber optics communication can provide the reliability and high data rates required by the backhaul links. However, connecting fiber optic cables to every SC BS is highly labor intensive, financially prohibitive and less flexible [21] . Sanguinetti et al. [26] consider wireless backhaul in a two-tier HetNet where a massive MIMO MC BS serves single-antenna mobile UTs and supports a large number of single-antenna SC BSs. Each SC BS also provides access link for a single-antenna stationary UT. Here, the available bandwidth is divided into fixed backhaul and access link spectrums. The authors address the issue of interference management by proposing a reverse TDD protocol and further analyze the power consumption of the entire network subject to the required rates under the assumption of imperfect channel state information (CSI). Reference [27] extends the results in [26] by optimizing the spectrum division between the backhaul and access links with the aim of improving the overall achievable sum-rate. A massive MIMO enabled backhaul link for a two-tier HetNet with single-antenna SC BSs is researched in [28] where a duplex and spectrum sharing technique based on co-channel reverse TDD and dynamic soft frequency reuse is proposed for interference management in the backhaul. A sum logarithmic user-rate maximization problem is formulated for backhaul bandwidth allocation and optimize the UT association with the objective of maximizing the aggregate sum-rate of the network. Employing tools from stochastic geometry, [29] analyzes the performance of a massive MIMO enabled backhaul network that supports single-antenna FD SC BSs. The authors propose a distributed backhaul interferenceaware mode selection technique to select the ratio of in-band FD SC BSs to out-of-band HD SC BSs. While [26] - [28] consider HD single-antenna SC BSs, [29] studies FD singleantenna SC BSs.
In this paper, we propose a HetNet topology where wireless backhaul links are considered with massive MIMO and FD. The MC BS has a dedicated fiber optic backbone link but supports the SC BSs through wireless backhaul links. Similar topology is considered in [28] and [29] , however, the authors consider single-antenna SC BSs. Here, communication is achieved in two phases. During the first phase, the MC BS and the SC BSs are equipped with massive receive antennas and a few transmit antennas. The first phase configuration enables the MC BS and the SC BSs to serve UL access of the UTs. For the second phase, massive transmit antennas and a few receive antennas are utilized in both MC BS and SC BSs (refer to Fig. 1 ). This configuration allows support for the DL access of the UTs with massive transmit antennas. Different from [8] and [20] where massive transmit and receive antennas are employed at BSs, this work considers massive receive antennas and a few independent transmit antennas at BSs (first phase) or the reverse (second phase) in a heterogeneous scenario where all BSs operate in FD mode. In this paper, we focus on the backhaul link performance of the HetNet to highlight the advantages of using the FD mode with massive transmit or receive antennas compared to the conventional HD based designs. We analyze the UL/DL achievable sum-rates and provide the closed-form expressions for the sum-rate under the assumption of imperfect CSI and a large number of receive or transmit antennas. 1 Also, we propose a hybrid FD/HD system configuration by deriving closed-form solutions for the strength of SI, SC-to-SC interference (which occur due to the FD operation at all BSs) and the number of antennas. The power scaling law is investigated using our proposed system model, and it is shown that the transmit power of the MC BS and the SC BSs can be scaled down proportionally according to the massive receive antennas (first phase) and the massive transmit antennas (second phase) and still maintain a given rate. Furthermore, using the closed-form solutions, we seek to optimize the number of the pilot training symbols with the aim of maximizing the sum SE.
The rest of the paper is organized as follows: Section II describes the system model. Section III presents the UL/DL achievable rates. Our closed-form expressions are elaborated in Section IV. Simulation results are provided in Section V and conclusions are drawn in Section VI.
Notation: Boldface lower case and upper case letters denote vectors and matrices, respectively.
, and var(·) indicate transpose, conjugate transpose, conjugate, trace, expectation, and variance operators, respectively. I N represents an N × N identity matrix. x ∼ CN (0, β 2 ) denotes an independent and identically distributed (i.i.d.) complex Gaussian random variable with zero mean and variance β 2 .
II. SYSTEM MODEL
Consider the two-tier HetNet system model shown in Fig. 1 where an MC is overlaid by a set of S SCs. Data communication is achieved in two phases. During the first phase, the MC BS is equipped with massive receive antennas M rx and a few transmit antennas M tx (i.e. M rx M tx ). The number of transmit antennas are fixed such that M tx = S, i.e., each transmit antenna sends a single stream to a corresponding SC BS. Furthermore, this can be treated as a special case of the MC BS employing multiple transmit antennas to transmit multiple streams of data to a corresponding SC BS at the cost of increased SI at the MC BS. 2 Each SC BS is equipped with N rx receive antennas and a single transmit antenna. For the second phase, a circulator switches the roles of transmit antennas and receive antennas in both the MC BS and the SC 1 As thoroughly discussed in [30] , the complexity, EE and SE trade-offs are crucial for next generation green communications. Therefore green trade-off analysis of our system model is an interesting topic for future work. 2 The increase in SI impact at the MC BS due to increase in the number of transmit antennas is explained in detail in Section IV and numerical results are provided in Section V to show this effect. BSs, i.e., the MC BS now has massive transmit antennas M tx and a few receive antennas while each SC BS has massive transmit antennas N tx and a single receive antenna. For a coherence interval of T symbols, τ p symbols are utilized for channel training through pilot sounding. The remaining time slots are divided equally into the first and second phase data transmissions (see Fig. 2 ). 3 By assuming the TDD protocol and exploiting the channel reciprocity principle, the same channel estimates employed for data decoding during the first phase can be applied to precode data for transmission in the second phase. 3 By switching the roles of the antennas using a circulator, both the MC BS and the SC BSs can serve UL access users with the massive receive antennas during the first phase and DL access users with the massive transmit antennas in the second phase. Future research will seek to optimize this spectrum partition with the objective of maximizing the overall sum-rate of the system. 
A. FIRST PHASE
Each SC BS transmits its data to the MC BS. Simultaneously, the k-th transmit antenna at the MC BS is used to send independent data to the k-th SC BS (refer to Fig. 1(a) ). In addition to the desired signal from the SC BSs, the MC BS receives its own transmissions causing SI due to the FD mode. Similarly, each SC BS receives the desired signal from the MC BS together with its own transmitted signal and unintended transmissions from other SC BSs, i.e., SI and SC-to-SC interference, respectively.
Let us denote x 1k ∼ CN (0, 1) and x 2k ∼ CN (0, 1) as the transmitted signal from the k-th SC BS to the MC BS and the transmitted signal from the MC BS to the k-th SC BS, respectively. Additionally, we represent h 1k ∈ C M rx ×1 , h 2k ∈ C N rx ×1 , G m ∈ C M rx ×M tx , and g s,k ∈ C N rx ×1 as the k-th SC BS to the MC BS channel, the MC BS to the k-th SC BS channel, SI channel at the MC BS, and SI at the k-th SC BS, respectively, and g c,kj ∈ C N rx ×1 is the SC-to-SC interference channel from the j-th SC BS to the k-th SC BS. With SC BS transmit power p 1 and MC BS transmit power p 2 , the received signals at the MC BS from the k-th SC BS and at the k-th SC BS from the MC BS can be respectively expressed as
where n 1k ∈ C M rx ×1 and n 2k ∈ C N rx ×1 indicate the MC BS and the k-th SC BS receiver noise vectors, respectively, and
∈ C 1×M rx and r H 2k ∈ C 1×N rx denote receive filters employed at the MC BS and the k-th SC BS, respectively. The elements of n 1k and n 2k are modeled as CN (0, 1). The channel vectors h 1k and h 2k consider both small-scale and large-scale fading effects. Specifically, h 1k and h 2k are distributed as CN (0, β 1k I M rx ) and CN (0, β 2k I N rx ), respectively. β 1k and β 2k describe the large-scale fading effects, which are assumed to remain constant over several coherence intervals and known apriori. The above channel models are based on the assumption of favorable propagation, where the channels from the MC BS to the SC BSs and from the SC BSs to the MC BS are independent [7] . The elements of G m , g s,k and g c,kj are modeled by CN (0, σ 2 m ), CN (0, σ 2 s,k ) and CN (0, σ 2 c,kj ), respectively. The assumption of Rayleigh fading in the SI channels is justified by ensuring proper separation between the transmit antennas and the receive antennas, which gives rise to natural isolation. Appropriate installations may exploit surrounding obstacles or employ shielding plates to prevent the line-ofsight. Therefore the main impact of SI comes from scattering [14] . Furthermore, if any active hardware SI cancellation technique is applied, residual interference occurs as a result of imperfect SI cancellation. The common assumption in the literature is to model this residual interference as a Rayleigh distribution [14] . Using similar justification as above, the SC-to-SC interference channels can be modeled as Rayleigh fading channels. σ 2 m can be interpreted as the strength of the SI at the MC BS. Similarly, σ 2 s,k and σ 2 c,kj indicate the strengths of SI at the k-th SC BS and SC-to-SC interference from the j-th SC BS to the k-th SC BS, respectively.
B. SECOND PHASE
For the second phase, we consider the system model shown in Fig. 1(b) . The MC BS precodes its data and transmits independent data to every SC BS. Simultaneously, each SC BS precodes its data and transmits to a corresponding receive antenna on the MC BS. Although the k-th receive antenna of the MC BS receives the desired signal from the corresponding k-th SC BS, it also receives MC BS transmissions causing SI. Similarly, each SC BS receives its desired signal in addition to its own transmitted signal and unintended signals from other SC BSs, i.e., SI and SC-to-SC interferences, respectively. Due to the assumption of the TDD protocol, the DL channel for the second phase is equivalent to the conjugate transpose of the UL channel for the first phase and vice versa.
We define b 1k ∼ CN (0, 1) and b 2k ∼ CN (0, 1) as the transmit signals from the k-th SC BS to the k-th receive antenna of the MC BS and from the MC BS to the k-th SC BS, respectively. Again, let q m,k ∈ C 1×M tx , q s,k ∈ C 1×N tx and q c,kj ∈ C 1×N tx represent SI channel at the k-th receive antenna of the MC BS, SI channel at the k-th SC BS and SC-to-SC interference channel from the j-th SC BS to the k-th SC BS, respectively. The received signals at the k-th receive antenna of the MC BS and the k-th SC BS are written, respectively as
where v 1k ∼ CN (0, 1) and v 2k ∼ CN (0, 1) denote MC BS receive antenna noise and the k-th SC BS receive antenna noise, respectively, and
represent the MC BS precoding matrix and the k-th SC BS precoding vector, respectively. Following similar assumption as in the first phase, the elements of the vectors q m,k , q s,k and q c,kj are modeled as CN (0, η 2 m,k ), CN (0, η 2 s,k ) and CN (0, η 2 c,kj ), respectively.
C. CHANNEL ESTIMATION
The acquisition of perfect CSI is crucial to unlocking the full potentials of both massive MIMO and FD communication technologies. However, both the MC BS and the SC BSs can only attain estimates of the true channel vectors. In this paper, we assume imperfect CSI as this is more practical. As an extensively used technique in the massive MIMO literature, we utilize pilot sequences for channel estimation [1] , [31] . For a coherence interval of length T (in symbols), with p τ pilot power, each SC BS transmits a pilot sequence of length τ p to the MC BS for the UL channel estimation and the MC BS transmit antennas send pilot sequences of the same length to the SC BSs for the DL channel estimation. 4 To avoid the so-called pilot contamination phenomenon in TDD systems as discussed in [1] , [2] , and [33] , we assume that mutually orthogonal pilot sequences are utilized for channel estimation. This dictates that for each coherence time T , τ p ≥ 2S slots are reserved for piloting [32] . After correlating the training signals obtained with the corresponding pilot sequences and utilizing the MMSE channel estimation, the true channel vector h Ak can be decomposed as
where the estimateĥ Ak and the estimation errorh Ak are mutually independent vectors. The subscript A corresponds to either ''1" or ''2'' depending on the direction of communication (i.e., either the k-th SC BS to the MC BS or the MC BS to the k-th SC BS). The elements of the vectorsĥ Ak andh Ak are distributed as CN (0,β 2 Ak ) and CN (0,β 2 Ak ), respectively, where the variances are defined as [8] 
D. SIGNAL DETECTION AND PRECODING
In this paper, we employ simple maximum ratio combining (MRC) receive filter for the first phase and maximum ratio transmission (MRT) precoding for the second phase. Note that linear processing techniques such as MRC/MRT have been shown to attain very high SE in the large antenna regime [1] . Again, maximum ratio processing can be implemented in a distributed fashion, i.e. each antenna can multiply the received signal with the conjugate of the channel without sending the whole baseband signal to the BS for processing. The MRC receive filter is obtained as
Also, the precoding matrix used by the MC BS is determined by
where
Since there is no cooperation among SC BSs, each SC BS precodes its data independently and therefore does not require the CSI of other SC BSs.
The precoder employed by the k-th SC BS is represented by
) is the power normalization factor at the k-th SC BS. It should be emphasized here that the CSI of the SI and SC-to-SC channels are not required since we do not utilize any form of SI and SC-to-SC interference nulling strategy. The next section discusses the UL/DL achievable rates.
III. ACHIEVABLE RATE
To derive the achievable UL/DL rate, we refer to a strategy used in [34] where the received signal is re-expressed as a known mean gain, multiplied by the desired transmitted signal with an uncorrelated effective noise added. The entropy of this effective noise is upper bounded by the Gaussian noise entropy which leads to a lower bound on the achievable rate. It must be emphasized here that this approach has been widely used in the massive MIMO literature as it yields tractable and insightful solutions [32] , [35] , [36] . In the first phase, to solve the UL achievable rate at the MC BS, we refer to (1) and rewrite it as
where the first term is the desired signal andñ 1k is the effective noise which is defined as
From (11) 
m,k and A
m,k which are defined as
represent the desired signal power, the variance of the effective channel, the multi-cell interference, the self-interference and the noise amplification factor at the MC BS, respectively. To derive the DL achievable rate from the MC BS to the k-th SC BS, we consider (2). Using similar approach as above, the achievable rate is expressed as
s,k and A (1) s,k are similarly defined at the k-th SC BS for the first phase as
Here, C
s,k indicates the SC-to-SC interference term. For the second phase, we derive the achievable rate by considering (3) for the UL and (4) for the DL and utilizing the same method applied in the first phase. Thus, the achievable rate at the k-th receive antenna of the MC BS can be written as
m,k , I
m,k and L
m,k are given by D
Lastly, we obtain the achievable rate at the k-th SC BS for the second phase as
where we define D
2 , and C
The next section derives closed-form solutions for the achievable rate equations discussed in this section.
IV. LARGE SYSTEM ANALYSIS
To obtain the analytic closed-form expressions for the achievable rates, we approximate (12)- (15) in the large antenna regime. In the first phase analysis, we assume that M rx → ∞ while M tx is kept constant at S at the MC BS and N rx → ∞ with a single transmit antenna at each SC BS. Similarly, it is assumed in the second phase that M tx → ∞ and N tx → ∞ with fixed receive antennas. By utilizing the law of large numbers and some results from random matrix theory [37] , we derive the closed-form solutions for the UL/DL achievable rate in the following theorems.
Theorem 1: By adopting MRC receive filters in the first phase for both the MC BS and the SC BSs, under the assumption of imperfect CSI, the achievable rate of the FD wireless backhaul links at the MC BS and the k-th SC BS are approximated by (16) and (17), respectively.
Proof: See Appendix A. As can be seen from (16) and (17), the achievable rate is a function of several factors including the channel estimation accuracy, the large-scale fading coefficients, the total number of SCs, the number of receive antennas, the strength of SI, SC-to-SC interference and the transmit powers. From (16), the achievable rate of the UL can be enhanced by increasing the number of receive antennas M rx . Also, an increase in the number of receive antennas N rx at the k-th SC BS, correspondingly improves the DL achievable rate as seen from (17) . These observations suggest that we can overcome the effects of the SI and the SC-to-SC interference by increasing the number of receive antennas at both SC BSs and MC BS. Again, the achievable rate improves with an increase in the channel estimation accuracy.
Theorem 2: With MRT processing in the second phase and under the assumption of imperfect CSI at the MC BS and the SC BSs, the achievable rate of the FD wireless backhaul links VOLUME 6, 2018 at the MC BS and each SC BS can be determined by (18) and (19) , respectively.
Proof: See Appendix B. In Theorem 2, it is observed from (18) that the UL achievable rate at the MC BS is enhanced by increasing the number of SC BS transmit antennas N tx . Also, the achievable UL rate is affected strongly by the number of SCs S, because increasing the number of SCs effectively enhances the strength of the SI term. Similar observations can be made in the DL achievable rate at the k-th SC BS. An increase in the number of SCs increases the strength of SC-to-SC interference and consequently impacts the achievable rate performance of the k-th SC BS. However, there is a trade-off for the sum-rate as an increase in the number of SCs generally improves the overall sum-rate of the network. Impacts of all parameters on the UL/DL rate will be rigorously demonstrated in Section V.
A. COMPARISON OF FD AND HD MODES
Now, we compare the achievable rate performance of FD and HD configurations of the proposed system based on our derived closed-form expressions. We then propose a hybrid FD/HD system based on the interference strength and the number of antennas. In HD operation, BS transceivers are either transmitting or receiving in each time slot. Therefore, each HD BS uses half of the transmit power of the FD BS. For a fair comparison, HD BSs are allocated twice the transmit power utilized by the FD counterparts. In contrast to the FD, the HD operations do not generate SI and SC-to-SC interference. However, the HD mode requires a pre-log factor of 1/2 in the rate equation compared to the FD system. The achievable rate of the HD system can be attained directly from the FD rate equations (16)- (19) by neglecting the SI and the SC-to-SC interference terms, doubling the transmit power and imposing a pre-log factor of 1/2. Thus for the first phase, the UL/DL rates of the HD are represented, respectively, as
For the second phase, the UL/DL achievable rates of the HD are given, respectively, as
The limiting factor in the HD system is the pre-log factor 1/2 while the FD system suffers from SI and SC-to-SC interference. To analyze the selection criteria for a hybrid system in terms of the SI and the SC-to-SC interference, we need to determine the interference parameters at which there is equality between the achievable rates of the HD and the FD configurations. In the case of the UL rate at the MC BS, only SI is considered. Then, the parameter of SI strength σ 2 m,0 at the MC BS for the UL rate equality between the HD and the FD modes is calculated from (16) and (20) by
where X m indicates
The crossover value in (24) can be computed by the MC BS since it depends solely on the long-term channel statistics. Therefore, a mode selection can be implemented such that the system operates in the FD mode if σ 2 m < σ 2 m,0 and the HD mode otherwise.
Moreover, we can determine the number of MC BS receive antennas needed for the FD configuration to outperform the HD configuration when the long-term channel statistics are known. The required number of receive antennas M rx0 is computed as For the DL rate at the k-th SC BS, the SI, and SC-to-SC interference threshold for the hybrid method is solved as
where σ 2 t0,k represents the joint impact of SI and SC-to-SC interference at the k-th SC BS and X s,k is defined as
When the joint impact of SI and SC-to-SC interference at the k-th SC BS is greater than σ 2 t0,k , the FD DL rate would be inferior to the HD rate performance. The number of antennas required by the k-th SC BS for the FD configuration to outperform the HD is similarly calculated by
where σ 2
. By inspecting (27) , we note that with the long-term channel statistics and the number of SCs, we can choose a better mode between the FD and the HD in terms of the sum-rate. Furthermore, a hybrid FD/HD system based on the long-term channel information can be designed for the SC BSs in a similar fashion as the MC BS.
For the second phase case, similar analysis can be obtained. However, we omit these cases for brevity.
B. POWER SCALING LAW
This part investigates the potential for transmit power reduction thanks to the large number of receive antennas (first phase) and transmit antennas (second phase), when the accuracy of the channel estimation is fixed.
Corollary 1: For the first phase, assume that the transmit power of the k-th SC BS and the transmit power of the MC BS are scaled according to p 1 = E 1 /M rx and p 2 = E 2 /N rx , respectively, where E 1 and E 2 are fixed regardless of M rx and N rx . Then, as M rx and N rx tend to infinity at the same rate, (16) and (17) respectively becomẽ
Corollary 2: For the second phase, consider that p 1 = E 1 /N tx and p 2 = E 2 /M tx , where E 1 and E 2 are fixed regardless of N tx and M tx . Then as M tx and N tx approach infinity at the same speed, (18) and (19) are simplified respectively as
Corollary 1 suggests that for a fixed channel accuracy and with massive receive antennas at the k-th SC BS and the MC BS, the transmit powers of the k-th SC BS and the MC BS during the first phase can be decreased proportionally to 1/M rx and 1/N rx , respectively, while maintaining a constant UL/DL rate. Additionally, Corollary 2 reveals that in the large transmit antenna regime at each SC BS and the MC BS, we can reduce the transmit power of the MC BS and the k-th SC BS according to 1/M tx and 1/N tx , respectively, and still achieve a given rate at the MC BS and the k-th SC BS.
C. SPECTRAL EFFICIENCY ANALYSIS
Finally, in this section, we analyze the impact of the pilot length τ p on the sum SE of the overall network which is defined as the sum-rate per channel use. By considering a coherence interval of T time slots and τ p pilot training slots, the sum SE is expressed as
where R k is the total UL/DL achievable rate of the k-th SC BS for the first phase and the second phase data transmissions which is obtained by adding R
s,k . By inspecting (32) , although an increase in the pilot length τ p improves the achievable rate, it reduces the sum SE. Therefore, we optimize the pilot length τ p with the objective of maximizing the sum SE as
The constraint (34) is to ensure that the pilot sequences utilized for the channel estimation are mutually orthogonal. The optimization problem P can be efficiently solved by a one-dimensional line search method such as bisection thanks to its convexity. For proof of convexity, see Appendix C. In the following section, the accuracy of these analytic results are demonstrated.
V. NUMERICAL RESULTS
In this section, our analytic results are validated through Monte Carlo simulations. All simulations are performed over 10 5 channel realizations. We define SNR = p 1 = p 2 . We first evaluate the validity of the closed-form expressions acquired in Theorem 1. The following parameters are used throughout this section unless otherwise stated. For the UL, β 1k = β 1 = 0.1, ∀k, σ 2 m = 0.3, and for the DL,
The pilot power and the pilot length are set at p τ = 10dB and τ p = 2S, respectively. To obtain the UL/DL rate, each of R (1) m,k in (16) and R
in (17) is added for all SC BSs. We then aggregate the UL/DL rates of all SC BSs to acquire the total sum-rate. Fig. 3 shows the comparison between the achievable sum-rate obtained by Monte Carlo simulations and our closed-form analysis in (16) and (17) . As observed from Fig. 3 , our analytic results are accurate even for a moderate number of receive antennas and therefore can be used to predict the system performance with high certainty. The sum-rate is improved with an increase in the signal-to-noise ratio (SNR) but begins to saturate at 14dB. Generally, the sum-rate improves with increasing the number of SCs S and the number of receive antennas M rx and N rx .
Next, the performance of the FD mode is compared with the HD configuration. Fig. 4 shows the UL sum-rate versus the number of MC BS receive antennas M rx for different number of SCs S and SI strengths σ 2 m . Equation (16) is used for the FD while (19) is utilized for the HD. Fig. 5 shows similar plots for the DL using (17) for the FD and (21) for the HD configuration. As shown in Figs. 4 and 5 , the sum-rate is enhanced with increasing the number of receive antennas in both the FD and the HD. In the case of the FD, the sumrate reduces with increasing strength of the interferences σ 2 m , σ 2 s and σ 2 c . Although an increase in the number of SCs S produces higher sum-rate, more antennas are required for the FD mode to overcome the deleterious effects of SI and SC-to-SC interference because of the growing SC-to-SC interference. We identify the number of MC BS receive antennas M rx0 which has the crossover point between the rate of the FD and the HD. For the UL, any integer number of receive antennas M rx > M rx0 is needed to overcome the effects of SI and outperform the HD. For the DL in Fig. 5 , receive antennas of N rx > N rx0 are needed to overcome the combined effects of SI and SC-to-SC interference.
Since the performance of the proposed FD system is limited by SI and SC-to-SC interference, it is imperative to investigate their impact on the UL/DL rates. In Fig. 6 , we plot a graph of the UL sum-rate against SI. As shown in Fig. 6 , the sum-rate decreases rapidly as the SI coefficient σ 2 m increases. As noted, the HD sum-rate is fixed since the HD system is unaffected by the SI. The FD system outperforms the HD at low SI power regime but at high SI region, the HD begins to outperform the FD system. The crossover point between the HD and the FD modes can be calculated accurately by (24) . Therefore, it would be beneficial to design a hybrid FD/HD system which depends on the strength of SI. For the DL, similar curves are plotted in Fig. 7 . The SI strength σ 2 s and SC-to-SC interference σ 2 c are simultaneously varied and their joint impact on the achievable DL sum-rate is shown. Similar to the UL, we identify a crossover point at which both the FD and HD achieve equal sum-rate as determined by (26) .
Furthermore, we investigate the potential to cut down transmit power while attaining a given level of quality of 
dB, and E 1 = E 2 = 15dB). Fig. 8 , the sum-rate is saturated when increasing M rx and N rx , which signifies that a balance exists between the sum-rate increase caused by the increasing receive antennas and the scaleddown transmit powers p 1 and p 2 , respectively. These results are consistent with our analysis in (28) and (29) . Fig. 9 further shows a plot of the power required to achieve a fixed UL/DL rate of 1 bps/Hz between an MC BS and the k-th SC BS pair 
FIGURE 10. Total sum rate vs SNR (τ
using (16) and (17) . Here, we consider two cases. In Case 1, the MC BS transmit power p 2 is fixed at p 2 = 5dB and we examine the k-th SC BS transmit power p 1 needed to achieve UL rate of 1 bps/Hz for any number of MC BS receive antennas M rx . Also for Case 2, with p 1 = 5dB, the required MC BS transmit power to achieve 1 bps/Hz DL rate is plotted. From Fig. 9 , it is observed that the power needed to achieve 1 bps/Hz rate reduces significantly by increasing the number of receive antennas. For instance, with 20 receive antennas at the MC BS, SI coefficient of 0.4 and 2 SCs participating in the communication, the k-th SC BS requires transmit power of 4.01dB. This transmit power reduces significantly to −9.5467dB when the MC BS employs 400 receive antennas. It is also observed that the transmit power required increases when the number of SCs increases since the levels of SI and SC-to-SC interference grow with the increasing number of SCs. VOLUME 6, 2018 The accuracy of the second phase approximations (18) and (19) of Theorem 2 are validated using the following parameters. For the UL, β 2k = β 2 = 0.1, ∀k, η 2 m,k = η 2 m = 0.3, ∀k and for the DL,
We set the pilot power and the pilot length as p τ = 10dB and τ = 2S, respectively. Fig. 10 shows a comparison between the total sum-rate for the UL/DL which is obtained by adding R (2) m,k in (18) and R (2) s,k in (19) . It can be seen that our derivations are highly accurate even for a moderate number of transmit antennas. We observe that the total sum rate of the second phase and the first phase are equal when all parameters are set at the same value. Further results are thus omitted for brevity.
Finally, the impact of the pilot length τ p on the overall sum SE of the proposed system is studied. Fig. 11 shows a plot of the sum SE versus the pilot length for a different number of SCs and pilot power p τ . The coherence length is set as T = 50 with M rx = 200 and N rx = 50. For any number of SCs S and pilot power p τ , the pilot length τ p is varied from 2S to T . As shown on the figure, the sum SE initially improves with increase in the pilot length but begins to decrease at a point. This is intuitively explained that for a fixed pilot power and coherence length, as the pilot length increases, the channel estimation accuracy improves but the available slots reserved for useful data transmission is reduced. Therefore, a tradeoff exists between the sum SE and the pilot length that can be utilized for channel estimation. For each number of SCs, the optimum τ * p that maximizes the sum SE is solved by using the bisection method. We observe that the optimum number of pilots τ * p generally reduces with an increase in the pilot power. This is a natural result because as the pilot power increases, less number of pilots are needed to achieve the optimum performance. Fig. 12 compares the sum SE obtained by utilizing a fixed pilot length τ p with the sum SE attained with an optimized τ * p .
The sum SE of the optimized pilot interval τ * p is generally higher than the fixed pilot length in all SNR regimes. However, as the number of SCs grows, the sum SE for the fixed pilot length with τ p = 2S approaches that of the optimized pilot length. This can be explained by the fact that as the number of SCs increases, more time slots are required for channel estimation and therefore a balance between the channel estimation phase and data transmission phase is found. Therefore the optimum pilot length τ * p approaches the minimum necessary to estimate the channels, i.e. τ * p = 2S.
VI. CONCLUSION
We have proposed a HetNet topology where massive MIMO with FD wireless communication is implemented for the backhaul links. Closed-form solutions have been derived for the UL/DL rates under the assumption of imperfect CSI. Through Monte Carlo simulations, our solutions have been proved to be accurate. From the analytic and simulation results, the sum-rate performance is constrained by the strength of SI and SC-to-SC interference. The strengths of the SI and SC-to-SC interference are shown to be largely dependent on the number of SCs. Increasing the number of SCs results in corresponding increase in the sum-rate. However, more receive antennas (for the first phase) and transmit antennas (for the second phase) are required to overcome the deleterious effects of SI and SC-to-SC interference. Furthermore, this paper has proposed a hybrid FD/HD configuration which depends on the strength of the SI and SC-to-SC interference. We have derived closed-form solutions for the strength of the interference and the number of antennas needed to operate the hybrid system. We have further analyzed the impact of the pilot length on the sum SE and obtained the optimal pilot length needed to maximize the sum SE of the proposed system. Simulation results show our solutions can provide useful insights for designing systems with long-term channel statistics. andĥ H 1kh 1k → 0 almost surely. Therefore,
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We get
For the noise amplification term, we have 
By substituting into (12) and performing straightforward algebra yields (16) of Theorem 1. By following similar approach we can obtain (17). 
APPENDIX B PROOF OF THEOREM 2
In order to attain the achievable rate R (2) m,k in (18), we have to compute the desired signal power D (2) m,k , the variance V (2) m,k , the multi-cell interference I (2) (14) and simplifying yields (18) . This completes the proof.
APPENDIX C PROOF OF CONVEXITY
To prove the convexity of problem P, we have to solve for the second derivative of (32) with respect to τ p . Due to the complexity of (32), we assume a homogeneous system such that β 1k = β 1 , ∀k and β 2k = β 2 , ∀k. Therefore the sum SE can be re-expressed as (1 + τ p p τ β 2k ) 2 .
From (A7), we observe that ∂ 2 R SE ∂τ 2 p < 0 and therefore the problem P is convex.
